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(54) METHOD AND APPARATUS FOR BUTT WELDING OF HOT ROLLED BILLET WITH LASER 
BEAM 



(57) In order to make the depth of penetration in the 
weld bead portion uniform and obtain a bead shape 
having a flat bottom without spiking and meltdown dur- 
ing continuous hot rolling by bonding a plurality of hot- 
rolled steel materials using a laser beam, the following 
methods are employed: (A) a method of butt welding 
wherein center gas is blown against the welding portion 
symmetrically to the optical axis of the laser beam while 
side gas is being blown thereagainst from the side, the 
method comprising conducting welding while the center 
of laser-induced plasma is shifted in the welding direc- 
tion from the center of the laser beam by a distance 0.2 
to 0.5 times as much as a reference plasma diameter 
determined from the laser output and the beam diame- 
ter, and the type and flow rate of the center gas; or (B) a 
method comprising scanning the butt line with the laser 
beam during the laser welding at a speed of 2 to 10 
m/min, and simultaneously oscillating the laser beam in 
the direction vertical to the butt line at a frequency of 40 
to 80 Hz at an amplitude of 0.4 to 1 .0 mm. Alternatively. 
(C) in order to prevent formation of blow holes in the 
weld bead, to make the depth of penetration in the weld 
bead portion uniform, and to obtain a bead shape hav- 
ing a fiat bottom without spiking and excessive penetra- 
tion, laser welding is conducted while a filler wire of an 
iron series base material, containing from 0.05 to 3% of 
one or at least two elements selected from aluminum, 



silicon, titanium and manganese, is being supplied to 
the welding portion. Moreover, (D) in order to stably 
supply a filler wire to the butt portion with high supply 
accuracy, the filler wire W is passed through a wire sup- 
ply nozzle having a curved portion, and the filler wire is 
supplied toward the welding point along the welding 
line. 
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Description 
Technical Field 

[0001] The present invention relates to a method of 
butt-welding hot-rolled steel materials by a laser beam 
during the production of a hot-rolled steel plate or a hot- 
rolled steel strip by continuously hot-rolling a steel 
material such as a slab or a sheet bar, and a welding 
nozzle, a filler wire supply nozzle and a welding appara- 
tus. 

Background Art 

[0002] In order to continuously hot-roll a steel mate- 
rial such as a slab or a sheet bar in a hot rolling line, the 
tail end of the preceding steel material has been butt- 
welded (tack welding) to the front end of the following 
steel material by a laser beam 

[0003] As shown in Fig. 1 . the principle of a method 
of weiding by a laser beam LB, which is a high energy 
beam, is to irradiate a workpiece S with a focused laser 
beam LB while a filler wire W is being supplied from a 
wire supply nozzle NW, thereby forming a keyhole K as 
a heat source which is a region having the highest 
energy density, and to scan the keyhole. 
[0004] When the keyhole K which is a region where 
the metal is cylindrical^ evaporated is scanned, the 
peripheral molten region gradually solidifies as the laser 
beam LB passes to form a weld bead, and the work- 
piece S is butt-welded. The keyhole K is formed during 
laser welding by a balance between the vapor pressure 
and the force of gravity of the evaporated metal within 
the keyhole K. The evaporated metal generated on the 
keyhole K and the welding gas become a laser-induced 
plasma R The mutual action of the laser-induced 
plasma P and the laser beam LB determines the energy 
incident on the workpiece S. The state of the mutual 
action of the laser beam LB and the plasma P changes 
momentarily, and the depth of penetration d increases 
and decreases in accordance with the change as shown 
in Fig. 2. When the amount of the plasma is increased, 
the laser beam LB is absorbed by the plasma, and the 
laser beam LB cannot reach the workpiece S, thereby 
decreasing the depth of penetration d. On the other 
hand, when the amount of the plasma is decreased, the 
laser beam LB easily reaches the workpiece S to cause 
spiking, thereby increasing the depth of penetration d 
temporarily. In particular, when welding is conducted by 
laser with an output as high as at least 25 kW, the size 
of the plasma becomes extremely large, and the varia- 
tion ratio of the depth of penetration d becomes signffi- 
cant and as large as from 25 to 30%. 
[0005] In laser welding hot-rolled steel materials in 
a hot rolling line, the hot-rolled steel materials have a 
high temperature, of at least 900°C, at the beginning. 
The metal is therefore easily heated to its boiling point 
by laser irradiation, and becomes a plasma; the mutual 



action of the laser beam and the laser-induced plasma 
is activated to repeat expansion and contraction of the 
plasma, thereby destabilizing a plasma generation 
region. As a resuft, spiking frequently occurs, and a var- 

5 iation in the depfo of penetration increases. When the 
increase and decrease in the depth of penetration are 
significant, ensuring a bonding area ratio which is aimed 
at non-fracture of the joint during rolling becomes very 
difficult in cases where the steel materials are butt 

10 welded after shearing in continuous hot rolling. Moreo- 
ver, for groove butt welding, when the depth of penetra- 
tion d becomes excessive due to spiking, the molten 
metal flows down as shown in Fig. 2, that is, so-called 
meltdown MD takes place. ,\s a result, there arises the 

75 possibility that the bonding area ratio falls (the portion R 
in Fig. 2). 

[0006] Furthermore, WO. No. 94/6838 discloses a 
method of continuous hot rolling, which comprises butt- 
ing the tail end of the preceding rolled material and the 
20 front end of the following rolled material against each 
other, and tack-welding the butted portions by a laser 
beam. 

[0007] Although laser welding is suitable as tack 
welding in a hot rolling line in view of its high speed and 

25 its deep penetrating ability, it has the disadvantage of 
easily forming an offset. In order to overcome the disad- 
vantage, Japanese Unexamined Patent Publication 
(Kokai) No. 8-257774 discloses a method of preventing 
an offset during tack-welding the butt portion with a 

30 laser beam, which comprises scanning the butt line with 
a laser beam at a speed of V while the laser beam is 
being oscillated in toe direction vertical to the butt line at 
an average speed of v, wherein 1 £ v7v £ 2, 5 in/min £ V 
£ 20 m/min. 

35 [0008] However, even the method mentioned above 
cannot solve the problems of spiking and generation of 
meltdown. 

[0009] Fig. 2 shows a more detailed cioss-sectional 
view of the laser irradiation point in tack welding with 

40 laser. When the butt portion of hot-rolled steel materials 
S is irradiated v/fth a laser beam LB, a keyhole K is 
formed at the irradiation point The keyhole K acts as a 
heat source, and a primary molten portion M1 is formed. 
On the other hand, the laser beam LB is multiply 

45 reflected in the interior of the keyhole K to converge to 
the lowest portion thereof and produce a spot-like heat 
source Q. A secondary molten portion M2 is formed, 
under the primary molten portion M1, by the spot-like 
heat source. 

so [001 0] The properties of the spot-like heat source Q 
are not constant, but change in accordance with the 
internal shape of the keyhole K. the influence of evapo- 
rated metal having become plasma within the keyhole 
K. the heat output to the secondary molten portion M2, 

55 and the like. As a result, the depth of the secondary mol- 
ten portion M2 partially increases so that spiking of the 
molten portion M or meltdown MD (Fig. 2) takes place. 
[0011] Furthermore, in laser welding steel materi- 
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als, when the base malarial S(Fig. 1) is a steel that con- 
tains metal elements such as Al, Si and Ti having 
deoxidizing effects in at least a given content, blow 
holes are hardly generated. However, when the content 
of a deoxidizing agent is low, blow holes are sometimes 
included in the weld zone. In particular, when high tem- 
perature materials are to be welded, for example, in a 
hot rolling line, scales (iron oxide) adhere to groove 
faces. When welding is conducted while the scales are 
being involved, blow holes are formed in the weld bead. 
The mechanism of the blow hole formation is as 
explained below, oxygen contained in the steel materi- 
als or the scales adhering to the steel material surface 
combines with carbon in the steel materials to form car- 
bon monoxide in the melting step during welding, and 
the carbon monoxide is taken up in a bead in the solidi- 
fying step. The blow holes B in the weld bead WB not 
only lower the bonding strength of the hot-rolled steel 
materials S. but also relate to an increase and a 
decrease of a depth of penetration d as shown in Fig. 4; 
any of the blow holes can push a molten portion into the 
depth direction at the time of forming a carbon monox- 
ide gas to temporarily increase the depth of penetration 
d by Ad. Spiking frequently takes ptace in accordance 
with the phenomena, and the variation in the depth of 
penetration Bd increases. 

[001 2] The ratio of the variation in the depth of pen- 
etration Bd to the average depth of penetration d as 
shown in Fig. 2 is defined as a variation ratio Bd/d. In 
the conventional laser welding method, the variation 
ratio Bd/d is about 20%. 

[0013] As shown in Fig. 2, a margin A has hereto- 
fore been left as a countermeasure against the variation 
in the depth of penetration explained above and, partic- 
ularly, against meltdown MD. For example, when the 
plate thickness of the hot-rolled steel materials is 35 
mm, the effective thickness of the butt portion is 25 mm, 
and the margin A left becomes 5 mm when the depth of 
penetration is 20 mm. 

[0014] A method has heretofore been adopted 
which is not aimed at welding the substantial effective 
butt thickness of a workpiece to secure a bonded area 
ratio but which is aimed at decreasing a variation in the 
depth of penetration by suppressing a total input energy 
for the hot-rolled steel materials by, for example, lower- 
ing the laser output, decreasing the welding speed, and 
the like procedure. 

[0015] However, all these counter measures are 
taken at the cost of the ability of deep penetration and 
the ability of high speed working which are advantages 
proper to laser welding, and they are unavoidably disad- 
vantageous in view of the bonded area ratio or the pro- 
ductivity. 

[0016] rt is therefore required to make the depth of 
penetration in the weld bead portion uniform, and obtain 
a bead shape with a flat bottom without spiking and 
meltdown. 

[001 7] In butt-welding steel materials such as slabs 



and sheet bars, or m^tal strips, another important 
respect is supply of a filer wire. 
[0018] That is. meting and mixing the filler wire and 
the base metal uniformy and in suitable amounts over 
5 the entire width of the strips have been very difficult for 
reasons explained belont 

(1 ) Because a gap between groove faces of strips is 
as very narrow, tram 0.05 to 2.00 mm, positional 

w control of the filler aire is difficult. 

(2) Because the focus diameter of the laser beam is 
as very small, f rom 0. 1 to 0.8 mm, positional control 
of the filler wire is dfficuft as mentioned al>ove. 

(3) The filler wire is coiled on a reel or in a pail pack, 
15 and is uncoiled ani supplied to the butt portion. As 

a result, complete straightening of the coil ng set of 
the filler wire can net be achieved by a filler supply 
nozzle having a linear shape. Positional control of 
the filler wire is therefore difficult, and moreover the 
20 coiling set changes as the filler wire is coiled. 

[0019] For reasons explained above, the filler wire 
cannot be stably supplied to the butt portion and, as a 
result, lack of melting ct the filler wire occurs, or the filler 

25 wire does not enter the gap of the butt portion, even 
when melted, to cause feck of fusion. 
[0020] For example, when the supply position of the 
filler wire is higher than the intersection of the laser 
beam focused by a focusing lens and the strip surface in 

so the gap of a butt portion of the preceding srip and the 
following strip, suffoent penetration cannot be 
obtained. Alternatively, even when the filler wire is sup- 
plied to the intersection use of a filler wire having a sig- 
nificant coiling set resuis in insufficient penetration. As 

35 explained above, in conventional laser welding using a 
filler wire, a stabilized supply of the filler wire to the butt 
portion of the metal strbs has been difficult, and no pre- 
determined welding quality has been obtained (refer to 
Japanese Unexamined Patent Publication (Kokai) No. 

40 61-56791). 

[0021] Fig. 1 is a schematic view around a conven- 
tional welding head H jsing a straight wire supply noz- 
zle NW When such a straight wire supply nozzle NW is 
used, a filler wire W rrust be supplied toward a welding 

45 point from obliquely asove the atmosphere of laser- 
induced plasma P generated during laser welding. Con- 
sequently, the filler wire W to be melted by the heat of 
the plasma P is melted in a position distant from the 
welding point and, as a result, destabilized and nonuni- 

so form penetration occurs. Because the filler wire tends to 
suffer from the therms* influence of the laser-induced 
plasma during welding the filler wire must be supplied 
from a low position as dose to the workpiece surface as 
possible so that the fUer wire is melted in a position 

55 close to the welding point When sensors, etc. are 
installed in a complicaed combination near a welding 
torch in laser wekfing, the apparatus becomes large 
because the straight wire supply nozzle requires a 
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space. In particular, in laser welding hot-rolled steel 
materials such as sheet bars and slabs at temperatures 
of at least 900°C, the assist gas nozzle and the wire 
supply nozzle are damaged by melting by radiation heat 
from the sheet bars, etc.; therefore, they cannot be 
made to approach the welding point closely. Accord- 
ingly, the projected length of the filler wire must be 
extended more than in the conventional welding proce- 
dures, and a higher supply accuracy is required. 
[0022] Systems for supplying a filler wire to the wire 
supply nozzle, including the following ones, have here- 
tofore been adopted (refer to Japanese Unexamined 
Patent Publication (Kokai) No. 6-87073): a push system 
wherein a wire feeder is provided to the wire reel side, 
and the filler wire is pushed out to the wire supply nozzle 
through a flexible conduit; a pull system wherein a wire 
feeder is provided to the wire supply nozzle side; a 
push-pull system wherein wire feeders are provided to 
both the wire reel side and the wire supply nozzle side, 
respectively; and a double push system wherein wire 
feeders are provided to the wire reel side and in the mid- 
dle of the conduit, respectively. 

[0023] In the wire supply apparatus of a laser beam 
weiding machine, a wire feeder pulls out a filler wire 
co3ed around a wire reel, and successively supplies the 
filler wire to a wire supply nozzle provided below the 
wire feeder through a conduit. Alternatively, the filler 
wire coiled around the wire reel is pulled out by the wire 
feeder, and is passed through the conduit via one roller 
leveler which straightens the coiling set formed in one 
direction alone by the wire reel. The filler wire is then 
successively supplied to a straight wire supply nozzle 
provided below the wire feeder. When a pail pack is 
used in place of the wire reel, the procedure is similar to 
that mentioned above; the roller leveler for straightening 
the coiling set of the filler wire is not been provided, or 
ordy one roller leveler rf any is provided. 
[0024] When the wire supply apparatus comprises 
a pail pack, a filler wire feeder and a filler wire supply 
nozzle, the coiling set of the filler wire formed within the 
pail pack and the twist deformation of the filler wire 
formed when the filler wire is pulled out from the pail 
pack cannot be completely straightened even after 
passing the filler wire through the wire supply nozzle, 
which causes the laser beam to form an offset during 
welding. 

[0025] Furthermore, for the conventional straight 
filler wire supply nozzle, the coiling set formed within the 
filler wire reel, and the bent deformation of the filler wire 
in the direction vertical to the direction of the filler wire 
formed in the step of supplying the filler wire remain 
after passing the filler wire through the filler wire supply 
nozzle. Consequently, the filler wire oscillates up and 
down and from right to left at the welding point and 
tends to shift from a target position. When the filler wire 
supply apparatus comprises a pail pack, a wire feeder 
and a wire supply nozzle, the twist of the wire feeder is 
accumulated in the entire wire supply apparatus. When 



the wire supply is continued, the twist strain is released 
at a certain time point, and as a result the twist deforma- 
tion of the filler wire is straightened so 8rat the filler wire 
recovers its original shape. At the instant of the filler 
5 wire shape recovery, the filler wire shifts. As a result, the 
filler wire markedly shifts at the welding point after pass- 
ing the wire supply nozzle to cause theffller wire to shift 
from the target position. 

[0026] Accordingly, stabilized supply of the filler 
io wire to the butt portion with high accuracy of the supply 
position is also required in butt welding by a laser beam. 

Disclosure of Invention 

is [0027] A first object of the present invention is to 
make the depth of penetration in the weld bead portion 
uniform, and obtain a bead shape w*i a flat bottom 
without spiking and meltdown in but ^welding of hot- 
rolled steel materials by a laser beam. 

20 [0028] The first object also includes, in particular, 
prevention of the formation of blow holes in tho weld 
bead. 

[0029] A second object of the present invention is to 
stably supply a filler wire to the butt portion with high 

25 accuracy of the supply position in butt welding hot-rolled 
steel materials by a laser beam. 
[0030] In order to accomplish the first object, in a 
method of butt-welding hot-rolled steel materials by a 
laser beam according to a first aspect of a first invention 

30 by blowing center gas against a welding portion sym- 
metrically to the optical axis of the laser beam while side 
gas is being blown thereagainst from the side, the 
method comprises conducting welding whiki the center 
of laser-induced plasma is shifted in tie welding direc- 

35 tion from the center of the laser beam by a distance 0.2 
to 0.5 times as much as a reference plasma diameter 
determined from the laser output and foe beam diame- 
ter, and the type and flow rate of the center gas. 
[0031] Laser irradiation generates laser-induced 

40 plasma (reference plasma) P 0 which rises along a laser 
beam optical axis l L on a keyhole K as shown in Fig. 5. 
In the present invention, side gas is blown against 
the laser-induced plasma P 0 to shift it in the welding 
direction, namely, in the non-welded position direction 

45 by a distance 0.2 to 0.5 times as much as a reference 
plasma diameter Dpo- When the shS distance is less 
than 0.2 times the reference plasma cfeameter Dpo, pre- 
heating by the plasma and the output of the laser beam 
having passed through the plasma cannot be ensured. 

so Moreover, when the shift distance exceeds 0.5 times the 
reference plasma diameter DpQ. generation of the 
plasma becomes destabilized. When the generation 
region of the laser-induced plasma P "b shifted from the 
irradiation position of the laser beam LB at a distance of 

55 6x, the laser beam LB irradiates the welding portion 
which is outside a relatively high electron density range 
of the plasma P which has been posffionally shifted. As 
a result, an amount of the laser beam LB absorbed by 
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the plasma P decreases. Moreover, the energy density 
of the laser beam LB which reaches the hot-rolled steel 
materials S increases and becomes constant. The fol- 
lowing results are thus obtained: extreme generation of 
spiking is suppressed, and meltdown caused by exces- 
sive penetration does not take place; the depth of pene- 
tration becomes uniform, and the bottom of the welded 
bead becomes flat, the laser energy efficiency is 
improved, and the depth of penetration and the width of 
the welded bead are increased so that a stabilized joint 
can be formed. As a result, the bonded area is 
increased, and the allowable value of an offset is wid- 
ened even when the butt line is varied. Therefore the 
bonding accuracy is increased by forming a stabilized 
joint, and fracture during a pressure welding process 
subsequent to laser welding can be prevented. 
[0032] A laser welding nozzle for butt-welding hot- 
rolled steel materials according to a second aspect of 
the first invention comprises 

a plurality of center nozzles, the center gas blowing 
holes of which are located on a circumference with 
its center being the laser beam optical axis and 
arranged symmetrically to the laser beam optical 
axis, and 

a single side nozzle the side gas blowing hole of 
which is located outside the circumference men- 
tioned above, 

the center gas synthesis point being situated above 
the focused point of the laser beam, and the inter- 
section of the side nozzle axial line and the laser 
beam optical axis being situated between the 
center gas synthesis point and the focused point of 
the laser beam. 

[0033] For the laser welding nozzle formed as 
described above, the blowing diameter and the blowing 
direction (inclined angle of nozzle) of each center noz- 
zle or the side nozzle are determined in advance at the 
time of designing the nozzles on the basis of the laser 
output and the welding conditions. In order to determine 
the relative position between the synthesis pressure of 
the gas and the focused point of the laser beam, 
namely, in order to locate the center of the laser- 
induced plasma in a necessary position, the flow rate of 
the center gas and that of the side gas are each 
adjusted. 

[0034] In order to accomplish the same first object, 
in a method according the second invention of tack 
welding by a laser beam during the production of a hot- 
rolled steel material or a steel strip by bonding a plurality 
of hot-rolled steel materials and continuously hot-rolling 
the bonded steel material, wherein the tail end of the 
preceding steel material and the front end of the follow- 
ing steel material are butted against each other and the 
butt portion is tack-welded by a laser beam, the method 
comprises scanning the butt line with the laser beam, 
during laser welding mentioned above, along at a speed 



of 2 to 10 m/min. and simultaneously osciliarng the 
fcaser beam in the direction vertical to the butt ine at a 
frequency of 40 to 80 Hz at an amplitude of OA to 1 .0 
mm. 

5 [0035] As shown in Fig. 6, the present inventors 
have defined a variation amount of the welded portion 
Bd (mm) and an average bead depth d (mm), and inves- 
tigated a method of decreasing the variation in bead 
depth using a variation ratio (Bd/d x 100) as an index of 

w the variation in bead depth. First, in order to examine 
the relationship between a welding speed and a varia- 
tion ratio, experiments on laser welding of the butt por- 
tions of steel materials at t,000°C were carried out 
using a C0 2 laset having an output of 14 kW. The 

75 results are shown in Fig. 7. Even when the welding 
speed was changed, the variation ratio could not be 
decreased. On the other hand, experiments on laser 
welding were conducted at a welding speed oi 3 m/min 
while the laser beam was being oscillated in the direc- 

20 tion vertical to the butt line at a frequency of 50 Hz. The 
results are shown in Fig. 8. The variation rstio was 
decreased by oscillating the laser beam in the direction 
vertical to the butt line. The experiments show that the 
effects of decreasing the variation ratio are significant 

25 particularly in an oscillation amplitude range cf 0.4 to 
1.0 mm. and that the effects become maximum when 
the oscillation amplitude is 0.7 mm. 
[0036] It has therefore been decided in the present 
invention that the butt line is scanned with the laser 

30 beam at a speed of 2 to 10 m/min while the laser beam 
is being oscillated in the direction vertical to the butt line 
at a frequency of 40 to 80 Hz at an amplitude of 0.4 to 
1.0 mm. The mechanism of decreasing the variation 
ratio of bead depth by oscillating the laser bean in the 

35 direction vertical to the butt line will be explained below. 
[0037] Fig. 9 (a) shows a cross-sectional view of a 
laser-irradiation point according to the present inven- 
tion. Fig 9 (b) shows a cross-sectional view of a laser 
irradiation point during conventional laser tack welding 

40 conducted under the same conditions as in Fq. 9 (a) 
except that the laser beam is not oscillated, is clear 
from comparison of Fig. 9 (a) and Fig. 9 (b) that the 
bead width W., in the present invention is broader than 
the bead width W 0 in the conventional method. On the 

45 other hand, the bead depth in the present invention is 
shallower than that in the conventional method having 
been conducted at the same welding speed. Ftg. 9 (a) 
and Fig. 9 (b) also show the behavior of the lass- beams 
multiply reflected in the interiors of the keyholes. 

so Because the laser beam is oscillated at high speed in 
the present invention, the spot-like heat source 
formed at the bottom of the keyhole is widened com- 
pared with the spot-like heat source Q 0 formed in the 
conventional method, and the energy density becomes 

55 small. The behavior of the spot-like heat source is stabi- 
lized by making the energy density of the spot-Ike heat 
source small in the present invention as explained 
above, and as a result the depth of the secondary bead 
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derived from the spot-like heat source is stabilized. 
[0038] In the presen invention, the laser beam 
scans the butt line at a speed of 2 to 10 m/min. The 
scanning speed is determined to be in such a range 
because the heat input becomes excessive and melt- 
down takes place in the welding portion when the weld- 
ing speed is less than 2 m/min; conversely, a sufficient 
welded area cannot be ensured when the welding 
speed exceeds 10 m/min. 

[0039] Furthermore, the laser beam is oscillated in 
the direction vertical to the butt line at a frequency of 40 
to 80 Hz at an amplitude of 0.4 to 1.0 mm. The fre- 
quency is determined to be from 40 to 80 Hz because 
the welded potion merely snakes and the effects of the 
present invention cannot be obtained when the fre- 
quency is less than 40 Hz, and because the effects of 
the invention are saturated when the frequency exceeds 
80 Hz. Moreover, the amplitude is determined to be 
from 0.4 to 1 .0 mm because the spot-like heat source is 
not widened sufficiently and the effects of the present 
invention cannot be obtained when the amplitude is less 
than 0.4 mm, and because the bead depth becomes 
insufficient when the amplitude exceeds 1 .0 mm. 
[0040] In order to achieve the first object by prevent- 
ing formation of blow holes in the weld bead, in a 
method of butt-welding hot-rolled bars by a laser beam 
according to the third invention, the method comprises 
conducting laser welding while a filler wire of an iron 
series base material, containing from 0.05 to 3% of one 
or at least two elements selected from aluminum, sili- 
con, titanium and manganese, is being supplied to the 
welding portion. 

[0041] It is essential that the filler wire metal compo- 
nents form oxides which are not evaporated, and it is 
necessary that the filler wire metal components contain 
metal which is highly reactive with oxygen (having a 
high reducing ability). Accordingly, it is necessary that 
the filler wire contain a smple substance of aluminum, 
silicon, titanium or manganese, or a combination of at 
least two of these simple substances at least in a given 
amount. The lower limit of the content of these compo- 
nents is defined to be 0.05% because the filler wire can- 
not show a sufficient reducing ability when the content is 
less than 0.05%. Moreo/er, the upper limit is defined to 
be 3% because the weld zone is drastically embrittled 
when the content exceeds 3%, and because there is the 
possibility that the weld zone may be fractured during 
rolling in the latter process. 

[0042] The filler wire metal supplied to the welding 
portion is melted in a mixture of a molten portion of the 
workpiece. which is a component of the bead, and 
scales. As a result, the reducing ability of a metal ele- 
ment such as aluminum prevents a reaction between 
carbon and oxygen in the scales which mainly causes 
formation of blow holes, and no carbon monoxide gas is 
generated. Moreover, even when there are gaps in the 
groove portion because of the presence of recesses 
and protrusions, the filler wire metal is embedded in the 



recessed and protruded portions by the supply of the 
filler wire, and no lack of penetration is produced. 
[0043] In the method of butt-welding hot-rolled steel 
materials described above, the filler wire can be sup- 

5 plied to a laser-induced plasma in front of the laser 
beam irracfation portion, in the welding direction. The 
filler wire is continuously heated by the laser beam in 
the laser welding position, and supplied to the welding 
portion in a molten state. At a supply portion of the filler 

to wire, the laser beam is allowed to directly impinge on 
the filler wire in the conventional laser welding. How- 
ever, when the filler wire is not directly supplied to the 
laser irraciation portion but is supplied to the laser- 
induced plasma, the workpiece- can be melted with a 

is plasma energy without losing a laser energy. 

[0044] Furthermore, in the method of butt-welding 
hot-rolled steel materials, welding can also be con- 
ducted while the center of the laser-induced plasma is 
being shifted from the laser beam optical axis in the 

20 welding direction. As a result of shifting the generation 
region of the laser-induced plasma from the laser beam 
inadiation position, the laser beam irradiates the weld- 
ing portion outside the portion of the plasma at a rela- 
tively high electron density range. The amount of the 

25 laser beam absorbed by the plasma is therefore 
decreased; moreover, the energy density of the laser 
beam which reaches the hot-rolled steel materials 
increases, and becomes constant. Consequently, 
extreme generation of spiking is suppressed, and melt- 

30 down caused by excessive penetration comes not to 
take place. The depth of penetration thus becomes uni- 
form, and the bead bottom becomes flat. Moreover, the 
laser energy efficiency is improved, and the bead depth 
and the bead width are increased to form a stabilized 

35 joint. As a result, the bonded area is increased, and the 
allowable value of an offset is widened even when the 
butt line is varied; therefore the bonding accuracy is 
increased by forming a stabilized joint, and fracture dur- 
ing a pressure welding process subsequent to the laser 

40 welding can be prevented. 

[0045] In order to achieve the second object, in a 
method of conducting butt welding by a laser beam 
while a filer wire is being supplied to a butt portion 
according to a first aspect of the fourth invention, the 

45 method comprises passing the filler wire through a wire 
supply nozzle having a curved portion, whereby the filler 
wire is supplied toward the welding point along the weld- 
ing line. 

[0046] The filler wire has heretofore been supplied 
so toward the welding point from obliquely above the 
atmosphere of the laser -induced plasma. In the present 
invention, the filler wire is supplied toward the welding 
point along the welding line using a curved wire supply 
nozzle. Accordingly, the filler wire can be supplied to the 
55 welding point without being excessively influenced by 
the atmosphere of the laser-induced plasma. As a 
result, the filler wire is stably melted by the plasma near 
the welding point to form uniform penetration and 
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improve the welding ability. Moreover, because the wire 
supply nozzle is curved, the linear portion on the inlet 
side of the curved portion can be arranged closely to the 
welding torch; therefore, the periphery of the welding 
torch can be made compact. 

[0047] In a method of butt welding by a laser beam 
while a filler wire is being supplied to a butt portion 
according to a second aspect of a fourth invention, the 
method comprises passing the filler wire through a wire 
supply nozzle having a curved portion, whereby the filler 
wire is plastically bent to have the coiling set straight- 
ened, and supplying the filler wire to the welding por- 
tion. 

[0048] Because the filler wire is supplied to the 
welding portion after the coiling set of the filler wire is 
straightened, the filler wire can be supplied to the weld- 
ing portion with Ngh positional accuracy even when its 
projected length is long. Even when a clearance 
between the filler wire and the workpiece is necessary 
in, for example, laser -welding hot-rolled sheet bars, a 
filler wire supply accuracy necessary for stabilized filler 
wire supply welding can be ensured while a sufficient 
clearance is being secured. 

[0049] According to a third aspect of the fourth 
invention, a filler wire supply nozzle used for the butt 
welding by a laser beam comprises a nozzle front por- 
tion which comprstes at least one curved portion 
between two linear portions, and the two linear portions 
and the curved portion are in the same plane. 
[0050] Because the wire supply nozzle has linear 
portions on both sides of the curved portion, respec- 
tively, the effects of straightening the coiling set are sig- 
nificant. Moreover, because the outlet side of the curved 
portion is linear, the filler wire can be accurately directed 
to the welding point. 

[0051] In a butt welding apparatus using a laser 
beam according to a fourth aspect of the fourth inven- 
tion, which is equipped with a wire supply source having 
a pail pack or a wire reel, and a wire feeder feeding a 
filler wire to a wire supply nozzle, the butt welding appa- 
ratus comprises two roller levelers which are arranged 
in tandem along the wire feed direction between the 
wire supply source and the wire feeder in such a man- 
ner that the straightening direction of one of the roller 
levelers makes an angle of 90° with that of the other 
roller leveler. 

[0052] When the wire supply apparatus is conven- 
tionally formed from a pail pack, a wire feeder and a wire 
supply nozzle, a roller leveler has been arranged after 
the wire feeder for the purpose of preventing the filler 
wire from buckling. In the present invention, the roller 
leveler is provided not after the wire feeder but between 
the wire supply source and the wire feeder to straighten 
the twisted deformation of the filler wire formed within 
the ware supply source such as a pail pack, and the 
strain of the filler wire formed during uncoiling the wire. 
Moreover, when a pail pack is used, the axial rotation of 
the filler wire during feeding the filler wire can be 



stopped by the roller leveters and, as a result, the influ- 
ence of a rotary twist strain formed on the pail pack side 
by the wire feeder can be excluded. When the curved 
wire supply nozzle is used, an offset of the filler wire 

5 from the laser beam at the welding point can be elimi- 
nated. Moreover, the coiling set formed within the pail 
pack and the twist deformation of the filler wire formed 
during pulling out the filler wire from the pail pack cannot 
be straightened by the conventional straightening pro- 

70 cedure in one direction atone, but can be straightened 
by the straightening procedure in the two axial direc- 
tions vertical to each other with the roller levelers 
directly after the pail pack. The straightening forces of 
the roller levelers assembled in the upper and lower 

/5 stages (two stages) can be each independently 
changed, and the forces can be readily adjusted during 
wire exchange. Consequently, even when a curved wire 
supply nozzle which is unsuitable for the rotation in the 
twisting direction of the filler wire is used, the filler wire 

20 can be stably supplied to the welding point. 

[0053] In the butt welding apparatus mentioned 
above, it is desirable to use the wire supply nozzle hav- 
ing a curved portion as a wire supply nozzle. In this 
case, because the coiling set can be straightened by the 

25 roller levelers and the wire supply nozzle, the filler wire 
can be supplied to the welding point more accurately. 

Brief Description of Drawings 

so [0054] 

Fig. 1 is a cross-secoonal view showing a general 
method of butt welding by a laser beam. 
Figs. 2 (a) and 2 (b) are a transverse cross-sec- 
35 tional view and a longitudinal cross-sectional view, 
respectively, of a weJd bead portion showing the 
depth of penetration formed by the conventional 
laser welding method. 

Fig. 3 is a transverse cross -sectional view showing 
40 the transverse cross-section of the conventional 
weld bead portion shown in Fig. 2 (a), in more 
detail. 

Fig. 4 is a longitudinal cross -sectional view showing 
blow holes in the longitudinal cross-section of the 
45 conventional weld bead portion shown in Fig. 2 (b). 
Fig. 5 is a cross-sectional view showing a method 
of butt welding by a laser beam according to the first 
invention. 

Figs. 6 (1) is a transverse cross -sectional view and 
so Fig. 6 (2) is a longitudinal cross-sectional view each 
showing a bead depth during the formation of a 
weld bead. 

Fig. 7 is a graph showing the correlation between a 
welding speed and a variation ratio of bead depth 
55 (Bd/d). 

Fig. 8 is a graph shewing the correlation between 
an oscillation amplitude of a laser beam and a vari- 
ation ratio of depth of penetration (Bd/d). 
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Figs. 9 (a) and 9 (b) are cross-sectionai views 
showing laser irradiation points, wherein the laser 
beam is oscillated in accordance with the second 
invention in Fig. 9 (a), and the laser beam is, con- 
ventionally, not oscillated in Fig. 9 (b). 5 
Figs. 10 (a) and 10 (b) are a longitudinal sectional 
view and a bottom view, respectively, of a laser 
welding nozzle according to the first invention. 
Fig. 11 is a view showing the positional relationship 
among the parts of the welding nozzle shown in w 
Figs. 10. 

Fig. 12 is a cross-sectional view showing a method 
of measuring a gas pressure distribution near a 
laser welding nozzle. 

Figs. 13 (a), 13 (b) and 13 (c) are graphs showing is 
the results of measuring a gas pressure distribution 
when the relative position between a side gas blow- 
ing point and a laser beam focused point are 
changed in three ways. 

Figs. 14 (a), 14 (b) and 14 (c) are cross-sectional 20 
views showing the shapes of welded portions 
obtained in the cases shown in Figs. 13, respec- 
tively. 

Fig. 1 5 is a graph showing the relationship between 
a positional shift of a laser welding nozzle and a 25 
variation ratio of a depth of penetration. 
Hg. 16 is a front view showing a method of oscillat- 
ing a laser beam by the second invention. 
Fig. 1 7 is a layout drawing showing an apparatus for 
conducting butt welding by a laser beam of the third so 
and the fourth invention. 

Fig. 18 is a cross-sectional view showing the weld- 
ing head and its vicinity of the laser beam welding 
apparatus shown in Fig. 17. 

Fig. 1 9 is a graph showing the relationship between 35 
a filler supply speed and a variation ratio of a depth 
of penetration. 

Fig. 20 is a graph showing the relationship between 
a filler supply speed and a number of btow holes 
generated. 40 
Fig. 21 is a cross-sectional view showing one 
embodiment of the shape of the front portion in a 
filler wire supply nozzle according to the fourth 
invention. 

Figs. 22 (a), 22 (b) and 22 (c) are side views show- 45 
ing various embodiments of the shapes of the front 
portions of filler wire supply nozzles according to 
the fourth invention. 

Fig. 23 is a cross-sectional view showing one 

embodiment of the roller leveler in the laser beam so 

welding apparatus shown in Fig. 17. 

Fig. 24 is a side view showing the arrangement of a 

sheet bar butt welding apparatus using a laser 

beam. 

Fig. 25 is a plan view of the sheet bar butt welding 55 
apparatus shown in Fig. 24. 
Figs. 26 (a) and 26 (b) are a side view and a front 
view, respectively each showing an amount shifted 



from the target position during filler wire supply. 
Best Mode for Carrying Out the Invention 

[0055] The method of butt-welding hot-rolled steel 
materials according to the first invention is used for non- 
piercing butt welding of hot-rolled steel materials at tem- 
peratures of at least 900 °C. The thickness of the hot- 
rolled steel materials is from 25 to 50 mm, and the width 
thereof is from about 600 to 1.200 mm. A C0 2 laser is 
suitable as the laser. The output is at least 25 kW, and 
the beam diameter is from about 0.4 to 0.6 mm. He gas 
or Ar gas is used as the center gas and the side gas. 
The flow rate of the center gas supplied to the welding 
portion is from about 40 to 120 l/mtn, and that of the side 
gas is from about 40 to 80 Urrm. 
[0056] Fig. 10 shows one embodiment of a laser 
welding nozzle according to the first invention. A laser 
welding nozzle 11 is equipped with a cylindrical nozzle 
main body 12. A center nozzJe Hock 15 is attached to 
the lower end portion of the nozzle main body 12 with 
screws 16. The center nozzle block 15 is provided with 
a laser beam nozzle 1 8 and six center nozzles 20 there- 
around. Center gas Wowing holes 21 of the center noz- 
zles 20 are arranged at intervals of 60° on a 
circumference with its center placed on a laser beam 
optical axis l L . Center gas Gc is supplied to the center 
nozzles 20 from a center gas container through a flow 
control valve (both not shown). A side nozzle block 25 is 
attached to the center nozzle block 15. The side nozzle 
block 25 is provided with a side nozzle 27. A side gas 
blowing hole 28 of the side nozzle 27 is on the plane of 
the center gas blowing holes 21 , and is situated outside 
the circumference mentioned above. Side gas G$ is 
supplied to the side nozzle 27 from a side gas container 
through a flow control valve (both not shown). In addi- 
tion, a filler wire W is supplied to the welding portion 
from a wire nozzle 35 provided in a position opposite to 
the side nozzle 27. 

[0057] For the laser welcfing nozzle formed as 
described above, the dimensions and shapes of the 
center nozzles and the dimension and shape of the side 
nozzle must be appropriate to make the center of laser- 
induced plasma situated in a necessary position when 
the gas flow rates are controlled. In order to achieve the 
object, for example, the following dimensions and 
shapes are selected: the number of the center nozzles 
is from 5 to 7; the spacing d-, of the blowing holes is from 
5 to 20 mm; the diameter of the center gas blowing 
holes is from about 1 to 2 mm; the blowing synthesis 
angle 6 C of the center gas is from 10 to 60°; the diame- 
ter of the side gas blowing hole is from about 3 to 6 mm; 
and the side gas blowing angle Q$ is from 15 to 45°. 
Moreover, as shown in Fig. 1 1. the center gas synthesis 
point (intersection of the center nozzle axial line l c ) l c is 
situated above the focused point l L of the laser beam 
LB, and the intersection l s of the side nozzle axial line l s 
and the laser beam axial line ^ is situated between the 
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center gas synthesis point l c and the focused point l L of 
the laser beam l3. In addition, the x-, y- and z-axes in 
Fig. 3 indicate the welding line direction, the transfer 
direction of the hot-rolled steel materials and the height 
direction, respectively. Moreover, the spacing between 
the center gas synthesis point and the hot-rolled steel 
material surface is represented by H c , and the spacing 
(target position of blowing) between the side gas blow- 
ing point on the hot-rolled steel material surface and the 
focused point l L of the laser beam LB is represented by 
L x . The spacing He is from 1 0 to 20 mm, and the target 
position of Wowing L x is from about 3 to 10 mm. 
[0058] As shown in Fig. 6 mentioned above, the 
ratio of the variation in the dep; h of penetration Bd to the 
average depth of penetration d is defined as a variation 
ratio Bd/d. For the conventional laser welding method, 
the variation ratio Bd/d is about 20%. Moreover, the var- 
iation ratio Bd/d does not depend on a welding speed V 
as shown in Fig. 7 mentioned above. When the welding 
speed V increases, the depth of penetration decreases, 
and the variation in the depth of penetration Bd also 
decreases in the same proportion. When laser-induced 
plasma generated during welding is utilized as a sec- 
ondary heat source in relation to the laser beam, the 
variation ratio Bd>d decreases from 20% to about 1 5%. 
[0059] Next the relationship between a side gas 
blowing position and a gas pressure distribution on the 
surface of a wonVpiece will be explained. Fig. 12 shows 
the outline of a method of measuring a gas pressure 
distribution. A pressure disc 41 is arranged immediately 
under the laser welding nozzle 1 1 , and a pressure hole 
43 having a diameter of 0.5 mm is provided thereto. The 
pressure hole 43 has such a shape that the gas pres- 
sure distribution does not change. A pressure micro- 
sensor 45 is attached to the lower surface of the pres- 
sure disc 41 so that the pressure micro-sensor 45 
blocks the pressure hole 43. Signals from the pressure 
micro-sensor 45 are processed by signal-processing 
apparatuses such as an amplifier through a signal line 
47, and transmitted to a computer (both not shown), 
where the signals are data -processed. 
[0060] Fig. 13 shows the results of measuring the 
pressure distrbution. The flow rates of the center gas 
and the side gas were constant, and were determined to 
be 80 l/min end 120 l/min, respectively. Fig. 13 (a) 
shows the resufts of measuring the pressure distribution 
when the posfonal spacing L x between the side gas 
blowing point on the hot-rolled steel material surface 
and the focused point of the laser beam (refer to Fig. 11) 
was determined to be -7 mm. Fig. 1 3 (b) and Fig. 13 (c) 
show the measurement results when the positional 
spadngs L x were determined to be 0 mm and +7 mm, 
respectively. The effects are shown, in Fig. 14(a). Fig. 
14(b) and Fig. 14(c), as a change in the bead shape. 
Fig. 14 (a) is a case where the positional spacing L x 
between the side gas blowing point on the hot-rolled 
steel material surface and the focused point of the laser 
beam was determined to be -7 mm, and shows that the 



bead depth increased. Fig. 14 (b) is a case where the 
pos.1ional spacing L x was determined to be 0 mm, and 
shows that the effect was Httie. Fig. 14 (c) is a case 
where the positional spacing L x was determined to be 

5 +7 mm, and shows that no effect was obtained. The var- 
iation ratio Bd/d decreases by about 5% when the fol- 
lowing factors are optimized: the center gas blowing 
synthesis angle; the blowing hole spacing; the blowing 
angle, the position of intersection between the laser 

io beam and the center gas blowing; the angle and the tar- 
get position of side gas blowing; and the spicing 
between the center gas nozzle and the hot-rolled steel 
material. 

[0061] Fig. 15 shows the influence of inappropriate 

75 positioning of the side gas blowing on the variation ratio 
Bdfcj when groove materials are butt-welded. Welding 
was conducted in a focused position of the laser, and 
the relative position of the laser welding nozzle includ- 
ing the side gas and the workpiece is shown on the 

20 abscissa as a nozzle control shift amount Az. When the 
spacing between the focused point of the laser beam 
and the gas blowing point is -4 mm at which the effect of 
the side gas becomes maximum, the variation ratio 
BdWd becomes minimum. The variation ratio Bd/d 

25 increases in accordance with the nozzle control shift 
amount Az of the laser welding nozzle. The Bd/d ratio is 
about 10% when the shift amount is 0, whereas the 
BdAj ratio increases to about 20% when the shift 
amount is 6 mm. 

30 [0062] As explained above, the generation region of 
the plasma can be controlled, and at the same time the 
variation ratio Bd/d can be optimized by optimizing the 
individual gas blowing directions and their flow rates, 
and the relation between the gas synthesis pressure 

35 and the focused point of the laser beam. Consequently, 
the laser energy efficiency can be increased, and the 
bead depth and the bead width can be increased, 
whereby a stabilized joint can be formed without melt- 
down caused by excessive penetration. 

40 

Example 1 

[0063] SS 41 steel plates at about 1,000°C were 
butt-welded using 45 kW C0 2 gas laser, according to 

45 the first invention. Helium was blown as center gas at a 
fbw rate of 80 l/min, and helium was also blown as a 
side gas at a flow rate of 80 l/min. The blowing angle of 
the side gas was determined to be 30°, and the blowing 
position in relation to the welding point is 4 mm in front 

so of the welding point in the non-welded direction. The 
welding speed V was determined to be 3 m/min. As a 
result of butt welding, neither the meltdown of molten 
metal in the butt welding portion nor lowering of the 
bonded area ratio was observed. The variation ratio 

55 Bd/d was then about 10%. In addition, when adjustment 
of the welding gas conditions was not good, and the 
bowing position of the side gas was 6 mm above in the 
laser beam direction and was further shifted by 10 mm 
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in front of the welding point, the variation ratio Bd/d 
increased to 20%. 

[0064] The first invention can improve the laser 
energy efficiency, increase the bead depth and the bead 
width, and form a stabilized joint without meltdown 
caused by excessive penetration. 
[0065] The objects of the method of laser tack weld- 
ing according to the second invention are steel materi- 
als 25 to 50 mm long, and are principally sheet bars 
having been rough-rolled. The front and tafl ends of 
such steel materials are cut by a flying shear so that the 
shape is adjusted. The tail end of the preceding steel 
material running on the production line and the front end 
of the following stee* material are butted with each 
other, and tack-welded by laser, followed by continu- 
ously processing the welded material in the following 
stcjps. The sheet bars to be processed have tempera- 
ture of about 900 to i,150°C. 

[0066] For example, a C0 2 laser oscillator having 
an output of 14 to 45 kW is suitable for the laser tack 
welding method of the present invention. The beam 
diameter on the laser irradiation side of such a laser 
oscillator is from 60 to 100 mm. The laser beam is 
focused so that it has a diameter of 0.4 to 0.8 mm on the 
surface of the workpiece. and the surface is irradiated 
therewith. The laser energy density on the surface of the 
workpiece becomes from 10 to 40 MW/cm 2 . Irradiation 
of laser having such an energy density produces a key- 
hole at the laser irradiation point Transfer of the laser 
irradiation point along a butt line makes laser welding 
with deep penetration possible. 

[0067] In the present invention, when the laser 
beam is oscillated in the direction vertical to the butt 
line. That is, the lasa- irradiation point on the surface of 
the steel plate is osciiated vertically to the butt line. 
[0068] Fig. 16 shows one embodiment of the 
method of oscillating the laser irradiation point. Fig. 16 
is a schematic view of a welding head portion which 
oscillates the laser irradiation point vertically to the butt 
line L The welding head comprises a focusing mirror 
121, a mirror 123, a mirror oscillation shaft 128 and a 
mirror oscillation mechanism 125. A laser beam LB inci- 
dent on the welding head is given a convergent angle by 
the focusing mirror 121, and at the same time reflected 
and transmitted by fre mirror 123. The mirror 123 is 
held by the mirror oscillation shaft 128, and oscillated by 
the mirror oscillation mechanism 125. Oscillation of the 
mirror 123 as explained above can oscillate the laser 
irradiation point vertically to the butt line L. 
[0069] In addition, although Fig. 16 shows an 
embodiment in which the mirror 123 is oscillated, the 
focusing mirror 121 can also be oscillated while the mir- 
ror 123 is fixed. Moreover, when focusing and irradiation 
of a laser beam are conducted using a transmitted light 
system, for example, the transmitted light system such 
as a focusing lens is rocked to depict a circle. Alterna- 
tively, the focusing lens is held by a shaft vertical to the 
optical axis of the focusing tens, and the lens is oscil- 



lated with the shaft used as the center of osciMation. 
Example 2 

5 [0070] SS 41 steel materials at about 1 ,000°C were 
tack-welded, using a 45 kW C0 2 gas laser, according to 
the second invention. In order to shield the welding 
atmosphere from the air, welding was conducted while 
helium was being blown as a shield gas. Moreover, 

io welding was conducted at a welding speed of 3 m/min 
while the laser beam was oscillated at a frequency of 50 
Hz at an amplitude of 0.4 mm. As a result of conducting 
tack welding with laser as explained above, the variation 
ratio (Bd/d) thus obtained was about 7%. On the other 

is hand, when the same SS 41 materials were tack- 
welded by laser by a conventional method wherein the 
laser beam was not oscillated, and the other conditions 
were the same as those mentioned above, the variation 
ratio (Bd/d) thus obtained was 15%. 

20 [0071] Furthermore, when hot-rolled steel materials 
were butt-welded, neither the meltdown of molten metal 
nor lowering of the bonded area ratio was observed. 
[0072] Fig. 17 shows one embodiment of a laser 
butt welding apparatus for practicing the third invention 

25 in Fig. 17. 

[0073] Fig. 18 shows the welding head and its 
periphery of the laser butt welding apparatus in Fig. 17. 
[0074] A filler wire W is accommodated within a pail 
pack 211 in a coil form. The filler wire W can be either of 

30 a solid type or of a flux-filled type. The filler wire W is 
pulled out of the pail pack 21 1 by a wire feeder 221 , and 
fed to a wire supply nozzle 225 through a conduit 213. A 
first roller leveler 215 and a second roller ieveler 218 are 
arranged between the pail pack 21 1 and the wire feeder 

35 221 . A laser beam LB is transmitted from a laser oscilla- 
tor 235 to a welding head 239 through a transmitting 
mirror 237. The lower end portion of the welding head is 
a center gas nozzle 241 which supplies center gas Gq 
to the welding portion. A side gas nozzle 243 which sup- 

40 plies side gas G s to the welding portion is arranged 
opposite to the wire supply nozzle 225. An argon or a 
helium gas is used as the center gas Gc and the side 
gas G s - 

[0075] Because the roller shafts of the first roller 
45 leveler 215 make an angle of 90° with those of the sec- 
ond roller leveler 218 in such an apparatus as explained 
above, the coiling set of the filler wire W supplied from 
the wire feeder 221 is straightened so that the two 
straightening directions shift from each other to make 
so an angle of 90°. The filler wire W is plastically deformed 
when rt passes through the wire supply nozzle 225. The 
filler wire (projected wire portion) W E projected from the 
wire supply nozzle 225 is freed from the coiling set, and 
becomes substantially straight though it is curved. The 
55 projected wire portion W E is supplied toward the weld- 
ing point along the welding line approximately in parallel 
with the surface of hot-rolled steel materials S. 
[0076] As shown in Fig. 6 mentioned above, when 



10 



19 



EP1 013 372 A1 



the ratio of the variation in the depth of penetration Bd to 
the average depth of penetration d is defined as a vari- 
ation ratio Bd/d, the variation ratio Bd/d is about 20% in 
the conventional laser welding method. Moreover, as 
shown in Fig. 7 mentioned above, the variation ratio 5 
Bd/d does not depend on the welding speed V. When 
the welding speed V increases, the depth of penetration 
decreases, and the variation Bd also decreases in the 
same proportion. When laser-induced plasma gener- 
ated during welding is utilized as a secondary heat 70 
source in relation to the laser beam, the variation ratio 
Bd/d decreases from 20% to about 1 5%. 
[0077] Next, the filler wire supply speed will be 
explained. Fig. 19 shows the relationship between a 
t iller wire supply speed and a variation ratio of the depth 75 
of penetration. As shown in Fig. 20, the content of blow 
holes per unit length of the weld bead decreases as the 
filler wire supply speed Vf is increased. As explained 
above, it is understood that formation of btow holes in 

s— the weld bead causes an increase in the variation ratio 20 
Bd/d. Accordingly, while the depth of penetration is 
made uniform, formation of blow holes in the weld bead 
must be prevented. It is evident from Fig. 1 9 that the var- 
iation ratio Bd/d drastically decreases when the filler 
supply speed Vf is 2 m/min. That is, the deoxidation 25 
amount is judged to be sufficient when the filler supply 
speed Vf is near 2 m/min. Accordingly, it is desirable 
that the filler supply speed Vf be at least 2 rrvrnin. 
[0078] When the filler wire is supplied to laser- 
induced plasma, in front of the laser irradiation portion 30 
in the welding direction, a curved nozzle should be used 
as shown in Fig. 18. In order to conduct welding while 
the center of the laser-induced plasma is being shifted 
from the center of the laser beam in the welding direc- 
tion, the side gas G s is blown from the side gas nozzle 35 
243 shown in Fig. 1 8 so that the displacement is control- 
led by the gas pressure. The displacement is from about 
0.5 to 1 .5 times as much as a reference ptesma diame- 
_ ter which is determined by the laser output and the laser 

( ; beam diameter, and the type and flow rate of the shield 40 
gas. 

[0079] In order to reduce the load of mefting metal 
by laser, the butt welding method of the invention is also 
effective for tack welding by laser wherein the welding 
cross-section necessary for bonding hot steel materials 45 
is not entirely but only partly welded by the laser, and 
the entire cross-section is pressure welded by the fol- 
lowing rolling. 

Example 3 so 

[0080] According to the third invention, steel materi- 
als at about 1,000°C were butt-welded by a 45 kW C0 2 
gas laser while center gas (helium) was being blown. 
The welding speed V was 3 m/min. A filler wire contain- 55 
ing 3% of Ti was employed, and the filler wire supply 
speed was determined to be 4 m/min. The variation 
ratio Bd/d was lowered to about 10% from about 20% 



which was obtained when the welding was conducted 
without supplying the filler wire. Moreover, neither mert- 
down of molten metal in the butt welding portion nor 
lowering of the bonded area ratio was observed. 
[0081] As explained above, according to the third 
invention, formation of blow holes in the weld bead is 
prevented; the depth of penetration in the weld bead 
portion is made uniform; a bead shape with a flat bottom 
can be obtained without spiking and excessive penetra- 
tion, consequently, a. defectfess butt weld zone is 
obtained, and the bonding strength is improved. 
[0082] The fundamental construction of the appara- 
tus for practicing butt welding according to the fourth 
invention is the same as the apparatus shown in Fig. 17 
having been explained above. However, the apparatus 
is characterized by the wire supply nozzle. 
[0083] That is, as shown in Fig. 21 , the front portion 
of a wire supply nozzle 325 consists of an inlet side lin- 
ear portion 329, a curved portion 330 and an outlet side 
linear portion 331. 

[0084] The filler wire W supplied from the wire 
feeder 221 is plastically deformed when it is passed 
through the wire supply nozzle 325. A projected filler 
wire (projected portion of wire) W E from the wire supply 
nozzle 325 is free from the coiling set, and is substan- 
tially linear though it is slightly curved. The projected 
portion of wire W E is supplied toward the welding point 
along the welding line approximately in parallel with the 
surface of the workpiece S. The radius of curvature Ro 
of the curved portion 330 of the wire supply nozzle 225 
is about 50 to 1 50 mm. The length of the inlet side linear 
portion 329 should be at least 10 mm, and an appropri- 
ate length of the outlet side linear portion 331 is from 
about 5 to 20 mm. When such a nozzle having dimen- 
sions as explained above is used, the radius of curva- 
ture of the projected portion of wire W E becomes from 
about 500 to 1 ,000 mm. Because the projected portion 
of wire W E is from about 10 to 50 mm in length, its cur- 
vature does not exert adverse effects on the butt weld- 
ing. In order to prevent abrasion of the curved portion 
330 caused by sliding of the filler wire W, the inside 
diameter of the wire supply nozzle 325 is desirably 
about the filler wire diameter plus (0.1 to 0.4) mm. More- 
over, a wire curvature-straightening tube 327 can also 
be formed by inserting a plurality of short tubes com- 
posed of heat- and abrasion-resistant ceramics into the 
curved portion 330 of a nozzle main body 326, as 
shown in Fig. 21. SiC, AJN, Si 3 N 4 , Al 2 0 3 , or the like is 
used as a material for the wire curvature-straightening 
tube 327. Use of a ceramic inner wall for the wire supply 
nozzle 325 can drastically decrease abrasion of the wire 
supply nozzle 325, increase the resistance to heat of 
radiation from the hot-rolled sheet bar, and greatly 
extend the life of the nozzle itself. 
[0085] Fig. 22 shows wire supply nozzles having 
various shapes according to the fourth invention. For a 
wire supply nozzle 325a shown in Fig. 22a. the outlet 
side linear portion 331 is indined at an angle of 10 to 
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45° to the inlet side linear portion 329. For a wire supply 
nozzle 325b shown in Fig. 22 (b), the outlet side linear 
portion 331 is substantially normal to the inlet side linear 
portion 329. The wire supply nozzles 325a, 325b are 
both used when the welding line is horizontal. A wire 
supply nozzle 325c shown in Fig. 22 (c) has two curved 
portions 330a, 330b, and the outlet side linear portion 
331 is substantially parallel to the inlet side linear por- 
tion 329. The wire supply nozzle is used when the weld- 
ing line is vertical. 

[0086] The first roller leveler 215 and the second 
roller leveler 218 shown in Fig. 17 each have 3 or 5 roll- 
ers which have a diameter of about 10 to 50 mm and 
which are arranged at inten/als of about 50 to 200 mm. 
Because the roller shafts cf the first roller leveler 215 
make an angle of 90° with those of the second roller lev- 
eler. 218, the two straightening directions of the levelers 
are shifted from each other to make an angle of 90°, 
whereby the coiling set of the filler wire W is straight- 
ened. Fig. 23 shews 1he roller leveler 215 which is 
formed from 3 rollers 2'i6a, 216b, 216c. The straighten- 
ing load f caused by three-point bending with the 3 roll- 
ers 216a, 216b, 216c is from about 1 to 10 kgf. 

Example 4 

[0087] An embodiment of the present invention will 
be explained by taking bonding of hot-rolled sheet bars 
as an example. Fig. 24 is a schematic side view of an 
apparatus for bonding sheet bars provided to a hot roll- 
ing facility. Fig. 25 is a plan view of Fig. 24. The front end 
and the tail end of each of the sheet bars S1. S2 were 
cut off along the width direction by a flying shear 305 to 
form groove faces. The sheet bars S1, S2 each had a 
length of 30 m, a width of 1,100 mm and a thickness of 
35 mm. Moreover, the sheet bars S1 , S2 had a temper- 
ature of 1,000°C, and their transfer speed was 90 
m/min. The time from shearing to the start of welding 
was about 20 sec, and the thickness of the scales thus 
formed on the welding surface was about 50 jim. The 
tail end face of the preceding sheet bar S1 and the front 
end face of the following sheet bar S2 were then butted 
with each other, and the butt portion 305 was welded by 
moving a welding head 339 along the butt portion 305, 
thereby forming a weld bead 307. The laser was a C0 2 
gas laser having a stationary output of 45 kW. The work- 
ing speed was 10 m/min. Although a laser oscillator 335 
was fixed, the welding head 339 and a wire supply noz- 
zle and a plasma control nozzle were moved in synchro- 
nization with the transfer of the sheet bars S1 , S2. 
[0088] As shown in Fig. 17, the filler wire W was 
accommodated within the pail pack 211. and pulled out 
through the conduit 213 by the wire feeder 221. The 
filler wire W was then pushed to the wire supply nozzle 
225 (325 in Fig. 22) through the conduit 213. and guided 
to the welding point. Straightening the coiling set by the 
roller levelers 215, 218 was not conducted. As shown in 
Fig. 17, the filler wire W was supplied from the lower 



part in the welding pioceeding direction, and the gas for 
controlling the laser plasma was blown from the upper 
part therein. 

[0089] The radius of curvature of the curved portion 
5 of the wire supply nozzle was 50 mm. The clearance 
between the sheet bar and the shield gas nozzle, the 
plasma control gas nozzle or the wire supply nozzle was 
1 5 mm. The filler wire supply direction made an angle of 
30° with the sheet bar surface, and was on a butt plane. 
io The supply position was 1.5 mm above the laser beam 
irradiation position, and the supply speed was 5 m/min. 
Table 1 shows the composition of the tiller wire. The filler 
wire had a diameter of 1 .6 mm. 

75 

Table 1 



c 


Si 


Mn 


Al 


Ti 


0.10 


0.45 


1.12 


0.15 


0.15 



20 

[0090] Furthermore, the materials of the wire sup- 
ply nozzle were as follows: the outer tube was made of 
brass; the inner wall was made of SiC; the front tip por- 
tion was made of copper and plated with gold. 
25 [0091] Fig. 26 and Table 2 show the results of 
measuring shift amounts of wire supply nozzles. 



Table 2 





y-Direction 


z-Direction 


Straight nozzle 


±1.0 


±1.5 


Curved nozzle 


±0.2 


±0.2 



35 

[0092] When the filler wire supply nozzle of the 
invention was used, the accuracy of the filler wire supply 
position was ±1 .0 mm in the proceeding direction of the 
sheet bar, and ±0.5 mm in the optical axis direction of 

40 the laser beam. Substantial defects in the weld zone 
were not observed. In contrast, when a filler wire was 
supplied by the conventional straight filler wire supply 
nozzle, the accuracy of the filler wire supply position 
was ±1.5 mm in the proceeding direction of the sheet 

45 bar, and ±1 .0 mm in the optical axis direction of the laser 
beam. An offset of the filler wire was produced during 
laser welding, and no penetration was observed at two 
or three sites in one welding line. The welded depth var- 
ied in the weld zone, and many blow holes were gener- 

50 ated to form weld defects. 

[0093] Furthermore, comparison of the abrasion 
caused by friction between the filler wire and the nozzle 
as a function of nozzle materials shows that the Irfe of 
the wire supply nozzle was one month when the nozzle 

55 was entirely made of brass, whereas the life was 
extended to about one year when the nozzle inner wall 
was made of SiC. 
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Example 5 

[0094] Although Tie dimensions, the material, the 
transfer speed, the temperature, the welding speed, and 
the like of the sheet sars were the same as in Example 
4, the coiling set of tte filler wire was straightened at a 
straightening load tr" 5.0 kgf/cm 2 in the roller levelers 
215, 216 shown in Rg. 17. The radius of curvature of 
the curved portion erf the wire supply nozzle was 50 mm, 
and the clearance between the workpiece, and the 
assist gas nozzle, the plasma control gas nozzle or the 
wire supply nozzle was 10 mm. The supply direction of 
the filler wire made an angle of 25 c with the sheet bar 
surface, and was on Tte butt plane. The filter wire supply 
position was 1 .5 mm above the laser beam irradiation 
position, and the fitter wire supply speed was 5 m/min. 
The filler wire diameer was 1 .6 mm. 
[0095] Table 3 snows the results of measuring the 
amounts of shift frcm the target position of the filler 
wires. 



Table 3 





y-Direction 


z-Direction 


Without strakjhtertng 


±1.5 


±0.7 


With straightening 


±0.2 


±0.2 



[0096] Furthermore, when the roller levelers were 
used, the accuracy of the filler wire supply position at 
the welding point was ±0.5 mm in the proceeding direc- 
tion of the sheet bar. and ±0.5 mm in the optical axis 
direction of the laser beam. As explained above, the 
positional shift of tte filler wire supply was drastically 
decreased during welding, and formation of blow holes 
was suppressed in £ie weld zone. In contrast, when the 
roller levelers were not used, the accuracy of the filler 
wire supply position was ±1.0 mm in the proceeding 
direction of the sheet bar, and ±1.0 mm in the optical 
axis direction of the laser beam. 

[0097] In the present invention, the positional shift 
of the filler wire supp'y can be drastically decreased dur- 
ing welding, and formation of Wow holes can be sup- 
pressed in the wefci zone. The bonding strength can 
therefore be ensured sufficiently. As a result, fracture at 
the joint of the preceding material and the following 
material does not take place during rolling. 
[0098] According to the fourth invention, in butt 
welding by a laser beam, a filler wire can be stably sup- 
plied to the butt portion with high accuracy Accordingly, 
a butt weld zone of high quality without weld defects can 
be obtained. 

Industrial Applicability 

[0099] According to the present invention, in butt- 
welding hot-rolled steel materials, etc. by a laser beam, 



the depth of penetratio i of the weld bead portion can be 
made uniform, and a bead shape with a flat bottom can 
be obtained without spiking and meltdown. Moreover, in 
butt-wefciing of hot-rolled steel materials such as metal 
5 strips by a laser beam, the filler wire can be stably sup- 
plied to the butt portion with high accuracy 

Claims 

io 1. A method of butt-welding hot-rolled steel materials 
by a laser beam by Wowing center gas against a 
weiding portion symmetrically to the optical axis of 
the laser beam while side gas is being blown 
thereagainst from the side, the method comprising 

75 conducting welding while the center of laser- 
induced plasma is shifted in the welding direction 
from the center of the laser beam by a distance 02 
to 0.5 times as much as a reference plasma diame- 
ter determined from the laser output and the beam 

20 diameter, and the type and flow rate of the center 
gas. 

2. A laser welding nozzle for butt-welding hot-rolled 
steel materials comprising 

25 

a plurality of center nozzles the center gas 
blowing holes of which are located on a circum- 
ference with its center being the laser beam 
optical axis and arranged symmetrically to the 
30 laser beam optical axis, and 

a single side nozzle the side gas blowing hole 
of which is located outside said circumference, 
mentioned above, 

the center gas synthesis point being situated 
35 above the focused point of the laser beam, and 

the intersection of the side nozzle axial line and 
the laser beam optical axis being situated 
between the center gas synthesis point and the 
focused point of the laser beam. 

40 

3. A method of tack welding by a laser beam during 
the production of a hot-rolled steel material or a 
steel strip by bonding a plurality of hot-rolled steel 
materials and continuously hot-rolling the bonded 

45 steel material, wherein the tail end of the preceding 
steel material and the front end of the following 
steel material are butted against each other, and 
the butt portion is tack-welded by a laser beam, the 
method comprising scanning the butt line with the 

so laser beam during the laser welding at a speed of 2 
to 10 m/min, and simultaneously oscillating the 
laser beam in the direction vertical to the butt line at 
a frequency of 40 to 80 Hz at an amplitude of 0.4 to 
1.0 mm. 

55 

4. A method of butt-welding hot-rolled bars by a laser 
beam, the method comprising conducting laser 
welding while a filler wire of an iron series base 
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26 



material, containing from 0.05 to 3% of one or more 

selected from aluminum, silicon, titanium and 
manganese, is being supplied to the welding 
portion. 5 

5. The method of butt-welding hot-rolled steel materi- 
als accorcfing to claim 4, wherein the filler wire is 
supplied to laser-induced plasma in front of the 
laser beam Irradiation portion, in the welding direc- 10 
tion. 

6. The method of butt-welding hot-rolled steel mateti- 
als according to claim 4, wherein weeding is; con- 
ducted white tfie center of the laser-induced plasma is 
is being shifted from the laser beam optical axis, in 

the welding direction. 

7. A method of conducting butt welding by a laser 
beam while a filler wire is being supplied to a butt 20 
portion, the method comprising passing the filler 
wire through a wire supply nozzle having a curved 
portion, whereby the filler wire is supplied tDward 

the welding point along the welding line. 

25 

8. A method of butt welding by a laser beam while a 
filler wire is being supplied to a butt portion, the 
method comprising passing the filler wire through a 
wire suppry nozzle having a curved portion, 
whereby the filler wire is plastically bent to have the 30 
coiling set straightened; and supplying the filler wire 

to the welding portion. 

9. A filler wire supply nozzle for butt welding by a laser 
beam, comprising a nozzle front portion which com- 35 
prises at least one curved portion between two lin- 
ear portions, the two linear portions and the curved 
portion being on the same plane. 

1 0. A butt welding apparatus using a laser beam, which 40 
is equipped with a wire supply source having a pail 
pack or a wire reel, and a wire feeder feeding a filler 
wire to a wire supply nozzle, the butt welding appa- 
ratus comprising two roller levelers which are 
arranged in tandem along the wire feed direction 45 
between the wire supply source and the wire feeder 

in such a manner that the straightening direction of 
one of the roller level ers makes an angle of 90° with 
that of the other roller leveler. 

50 

11. The butt welding apparatus using a laser beam 
according to claim 10, wherein the wire supply noz- 
zle is the one according to claim 9. 
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Fig. 10 
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